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Abstract

At a high level of abstractionthe VHDL specificationof the functionalities
thata circuit shall performis given by definingthe behaioral model. The simi-
larity with proceduraprogrammindanguagesuggestedo tailor somesoftware
analysistechniquego VHDL behaioral descriptionanalysis. The aim is to re-
trieve informationon the final circuit from its specifications.The paperpresents
severalanalyse®f the codeaimedat identifying significantpropertiesof thefinal
circuit from the synthesisandtestabilitypointsof view.

1 Introduction

VHDL is now themostwidespreadanguagédor building softwaremodelsof hardware
systemsHowever, althoughthecompleity of the describednodelsis rapidlyincreas-
ing, no supportis givento designerso evaluatethe quality of their codeandof results
achievedby its synthesisA similar problemhasbeenalreadyinvestigatedy software
engineerdeadingto the definition of severaltechniquedor analyzingandevaluating
softwarespecification$l, 2, 3].
The aim of this paperis to considerstatic analysistechniquedo identify signif-

icant propertiesof the implementationfrom the behaioral VHDL description. The
informationcollectedfrom the codeanalysiss very importantfor:

¢ discoveringandcorrectingoossiblesrrors,inconsistenciegndincompletenesses,
without affectingthe following designphasesin this way, backtracksaremini-
mized,saving resourceandavoidinglast-minutesolutionsthatcouldjeopardize
theefficiency andoriginal functionalitiesof themodel.



e deriving test patternsthat will be usedto validatethe circuit during gate (or
switch)level testing.

¢ identifying codefragments that are known to be critical with respectto syn-
thesis. The adoptionof differentguidelinesin writing a specificationleadsto
differentcircuit realizations.Thus,userscanheavily guidesubsequergynthesis
by adoptingdifferentstylesin writing their code.

e predictingthe outputsof a synthesidoal, i.e., how a synthesizedircuit should
look like. Theoreticalresultsare then comparedwith actualresults,allowing
usersto getacquaintedvith the instrumentto better“control” the obtainedre-
sults.

Approachego VHDL analysisfor quality evaluation have beenalreadypublished
in literature[4, 5, 6, 7]. New commercialtools mainly dealingwith codecoverage
arealreadyavailable[8, 9]. More sophisticatednalysedor synthesizabilitysimula-
tion, compleity evaluationandtestabilityareunderstudyin the EEC supportedOMI
ProjectREQUEST.

This paperpresentghe first resultsof this projectby proposinga dataflow based
methodologyto staticallyextractinformationfrom the VHDL specificationwhich is
interestingbothfor testabilityanalysisandfor synthesigurposes.

The syntacticsimilarity betweenbehaioral VHDL andproceduralprogramming
languagesuggestedb try to apply softwareanalysisechniqueso investigateVHDL
code. The work describesan approachfor identifying deadlockconditionswithin
VHDL specifications Hints andideashave beentaken from reachabilityanalysig[3]
andsymbolicexecution[10]. While proposingthis techniquewe adaptedhe concept
of deadlockto the hardware domain;it correspond$o a situationwherethe system
doesnot stopworking while waiting for an eventto occur, ratherremainsin the same
stateforever, producingthe samevalueson the obsenable outputs. If the deadlock
derives from an erroneousspecification the analysisallows the modificationof the
VHDL code,if it is a correctfunctionalsituation,the analysismay suggesthe intro-
ductionof detectionlogic or specificresetlogic. In both casest is significantfor the
userto identify the possibledeadloclkcondition,eitherfor eliminatingit or for ensuring
the possibilityto exit from sucha condition. Besideghis, severaltechniquedbasecbn
dataflow analysisarealsopresentedo highlightusefulpropertieof VHDL behaioral
descriptionsfocusingon the sequentiabspect®f thelanguage.

The restof this paperis organizedasfollows. Section2 addressesdeadlocksn
hardware systems. By startingfrom the classicaldining philosophersproblem,we



tried to generalizethe approachwith respecto the problemsconcerningnformation
exchangedmongprocessesStaticanalysigechniguesall basebn someannotations
of theflow graphof theVHDL codeunderanalysisaredescribedn Section3. Finally,
Sectiond draws someconclusionsalsoproviding further hintsfor analogiedetween
analysistechniquedor softwarespecificatiorandVHDL behaioral descriptionanal-
ysis.

2 Deadlocks

Quoting[11], deadlocksanbe definedasfollows:

A setof processess deadlo&edif ead processn the setis waiting for an
eventthatonly anotherprocessn thesetcancause

Becauseall processesre waiting, none of themwill ever causeary event, andall
the processesemainblocked. This definition appliesdirectly to hardware systems
modeledby meansof interactingHDL processesThough,differentlyfrom software
systems:

e An eventis a changeon a signal. A processcan eitherbe suspendedvaiting
for an event or needan eventto changeits outputs. In both casesgventsare
necessaryo allow acircuit to evolve.

¢ A blockedcircuit doesnot stopworking. It evolveswhile remainingin thesame
state,producingalwaysthe sameresults. This conditionis easilydetectabldy
anexternalobsenerwho alwaysseeghe sameoutputvalues.

¢ Communicationsn VHDL are asynchronoushasedon eventson signals. As
to modelexecution,during the start-upphase all processesre executedeither
till the endor till they are suspendedvaiting for someeventsto occur After
that, processeareexecutedeachtime thereis a changeon the signalsthey are
sensibleo.

e Thereis norun-timesupportthatdefinegheactualschedulintamongprocesses.
The dynamicsof a systemeitheris hard-codedvithin the specification(closed
systemspr depend®nthearrival of externalsignals(opensystems).

The last point implies that the possibilityfor a closedsystemto entera deadlock
conditionis a certainty ThusaVHDL behaioral descriptionof a closedsystemwith
deadlockshouldbe always synthesizedy a setof constantvalues,insteadof a real



logiccircuit. In thecaseof opensystemsadeadloclderivesfrom thetiming of external
inputs. The absencef a resetsignalmay becomea critical point. In fact, the reset
signalwould provide the only meansfor exiting the deadlocksituation, placingthe
circuitin its initial state.

Now, the problemis how deadlockscan be uncoveredin hardware circuits and,
evenbetter in VHDL behaioral specifications.The conditionquotedsofar is easily
detectabldy simulation,but, to the bestof authors’knowledge not by the analysisof
designedmodels. Moreover, whenconsideringsystemscharacterizedy a deadlock,
evenif the simulationhighlightedconstantoutputsin the time domain (after a first
initialization phase)the synthesisusingcommerciallogic synthesigools[8, 12] did
not producesimple constantgincluding setlogic), but an unexpectedogical circuit.
This is dueto the fact that having defineddifferent processesdifferentfinite state
machinesare synthesized.Thesefinite statemachines possibly sharethe logic but
notthestatesdueto theimplied compleity of obtainingtheresultingproductmachine
during synthesis Therefore deadlockanalysiscanbe effective to evaluatethe quality
of thedesignwith respecto the specificproblem.

The proposedanalysisformalizesthe mutual dependencieamongevents. It is
not enoughto studydependencieamongprocessessinceeachprocesscanwait for
eventson differentsignals.Dependenciegraphscodethis information. Nodesarethe
signalsexchangedamongprocesseandedgesdefinedependencieamongthem. An
edgebetweera nodes anda nodet meanghatthereis a changeon s only if thereis
achangeont. A necessargonditionto discoser deadlockds, thus,the presencef
loopswithin thegraph.

Dependenciegraphsapply to both closedsystemsand opensystems.Whenan
opensystemis taken into account,its dependenciegraphcomprisesdanglingedges
enteringthosenodes(signals)sensibleto externalevents. In this way we modelpro-
cessesensitvity to unpredictablesignals. Thesenewn edgeshowever, do notimpact
onthedependenciesircularities,betweersignals.

We catgorizethe circumstancekeadingto deadlocksnto two groups:

e problemsdueto synchronizatioramongprocessesin this case,involved pro-
cessesxchangeonly boolean-lilevalueso guidetheirbehaiors. A rendezous-
like communicatiorprotocolis explicitly programmed.

e Problemgdueto the valuesthatflow amongprocessesA moregeneraklassof
problemsaddresseall the valuesexchangedwithout constraininghe analysis
to boolean-lile valuesonly.



The former setof modelsis exemplifiedin Section2.1, usingthe dining philoso-
phers problem a well-known problemasfar assoftware systemsareconcerned.The
latter classis studiedin Section2.2, by improving dependencegraphsandexploiting
ideasfrom symbolicexecution[10].

2.1 A VHDL Modd of the Dining Philosophers

Dijkstra’s Dining Philosophes problem[13], althoughnot a very realistic problem,
doescontaina nontrivial deadlockandis probablythe mostcommonlyanalyzedex-
amplein studyingsynchronizatiormmongAdatasks[14, 15, 16].

Theproblemcanbe formulatedasfollows:

Five philosophes are seatedarounda table Betweeread philosopherthereis a
singlefork. Thelife of a philosopherconsistf periodsof eatingandthinking When
a philosophemgetshungry hetriesto gethisleft andright fork, oneat atime, in either
order. If successfuin acquiringthetwo forks, he eatsfor a while, thenputsdownthe
forksandthinks.

A problemcanariseif eachphilosopheisimultaneoushgrabshis left (right) fork
andthenwaits for his right (left) fork. Sinceright (left) forks are not available, all
philosophersstane and a deadlockoccurs. Even if philosophergyet their forks at
differenttimes,in theworstcasethesituationdescribedsofar canhapperagain.

By looking atthe code presentedn Figurel, we noticethat:

o two distinctsignals(FORKN L andFORKM R) areusedto representherequest
for acquiringa fork: onefor eachadjacentphilosopher This solutionhasbeen
adoptechotto have multiple-drivensignalsthatleadsto not synthesizableode.

e Theactualavailability of afork is representely aboolearsignal(FORKN).

¢ All thephilosophersrecontrolledby the sameexternalclock, i.e., they all obey
the sametiming. The adoptionof morethanone clock would have led to not
synthesizablenodelsfor commercialogic synthesigools[8, 12].

¢ |t is supposedhatall the philosopherdry to starteatingatthe sametime. This
is the easiesthoiceto have a deadlock.Moreoverit doesnotrequirethe useof
externalsignalsto controlthe philosophersi.e.,we have a closedsystem.

Figure 1 is only an excerptof the whole modelwe defined. Insteadof shawving
all the processesye concentrat®nly on a “philosopher’anda “fork”. Both philoso-
phersandforks differ amongthemonly for the indexesthatidentify usedsignalsand
variables.



package DI NI NG PHI LOSOPHERS PACKAGE i s
type PHI L_STATUS i s (STARVE, EAT);
end DI NI NG_PH LOSOPHERS PACKAGE;

entity DI NI NG PH LOSOPHERS i s
port(clk: in std_ul ogic;

P1, P2, P3, P4, P5. out PHI L_STATUS);

end DI NI NG_PHI LOSOPHERS;

architecture ARCH of DI NI NG _PH LOSOPHERS i s

type STATE is (SOL, SOR, S1, S2, S3, S4, S5);

signal FORK1l, FORK2, FORK3, FORK4, FORK5: bool ean : = true;
signal FORKIL, FORKIR, FORK2L, FORK2R, FORK3L: bool ean := true;
signal FORK3R, FORK4L, FORK4R, FORK5L, FORK5R: bool ean := true;
si gnal STATUS1, STATUS2, STATUS3, STATUS4, STATUSS: state;

begi n
PH LOSOPHERL: process
begi n
wait until clk ='1" and clk’ event;

case STATUSL is
when SOL => if (FORK5 = true) then
FORK1L <= fal se;
STATUS1 <= SOR;
P1 <= STARVE;
end if;
when SOR => if (FORKl = true) then
FORK1R <= fal se;
STATUS1 <= S1;
P1 <= EAT;
end if;
when S1 => STATUS1 <= S2;
when S2 => STATUS1 <= S3;
when S3 => STATUS1 <= $4;
when S4 => STATUS1 <= S5;
when S5 => Pl <= STARVE;
STATUS1 <= SOL;
FORK1L <= true;
FORK1IR <= true;
end case
end process PH LOSOPHERL;

FORK1: process(FORKLIR, FORK2L)
begi n
if ((FORKIR = false) OR (FORK2L = false)) then
FORK1 <= fal se;
el se
FORK1 <= true;
end if;
end process FORKI,;

end ARCH;

Figurel: Dining Philosophersa VHDL model



The dependenciegraphfor the philosophergproblemis shavn in Figure2. For
the sale of simplicity, we considertwo philosopheronly. It canbe noticedthatan
eventon FORK1Rrequiresaneventon FORK1,andaneventon FORK1requiresan
eventon eitherFORK1Ror FORK2L. Thesamecircularitiesexist alsoamongsignals
FORKI1L, FORK2R,and FORK2. This meansthat the whole systemcould entera
circularwait condition,i.e.,adeadlockcondition.

More precisely beforethe dummyexecution(which performsthe initialization of
thevariablesandsignals determiningthe valuesthatwill remainconstanin caseof a
deadlock}heconditionis necessaryAfter thefirst execution the conditionidentifying
deadlockss not necessararnymore,butit is turnedinto a sufficientcondition.
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Figure2: Philosophersdependenciegraph

The useof booleansignalsto regulateboth the requestand the acquisitionof a
fork imposesa rendezwus-like communicatiormodel. This meanghatwe canstudy
how the modelevolvesin its executionspaceborroning someideasfrom reachability
analysiq3].

By looking athow signalsareusedwe candefinefour high-level functions:

setRequest: aprocessP probeghevariablev andsendsarequesto setw.
resetRequest: aprocessP sendsarequesto resetv.

set: aprocessP setsthevariablev.

reset: aprocessP resetghevariablev.

A setRequest onvariablev failsif v is alreadyset. In thesameway, aresetRequest
onw failsif v is notset.

The identificationof thesemacro-instructiongllows usto extracta graphrepre-
sentatiorof the processesshowvn in Figure3 (the numbersby the graphrepresenthe
labelsof the statesusedin the executionspace)thatresembleglowgraphs[17]. Ac-
cordingto the VHDL model,Figurel, the graphfor a philosophemprocesdranslates
thefinite statemachinecodedby the casestatementIn the sameway, the graphof a



PHILOSOPHERL1 FORK1

——» set request(FORK2) 1

set request(FORK1) 2

eat set 5 reset 6

I
reset request(FORK1) and reset request(FORK2)
PHILOSOPHER2 FORK2
———» set request(FORK1) 7
10
set request(FORK2) 8

set 11 reset 12

I

eat

reset request(FORK1) and reset request(FORK2)

Figure3: Philosophersgraphrepresentations.

fork representthetwo alternatvesofferedby ani f statementin bothcasegheloop
is requiredby the dynamicsemantic®f VHDL.

Thesefour graphshelpusin building the executionspace Figure4, of the model.
VHDL processesxecuteand,if possiblechangeaheirstateall in parallel. As expected,
it is not possibleto leave the statewhereeachphilosophetriesto getthe secondork.
Thedashedine indicateghatthewholesystenis notblocked,but it goeson executing
in the samestate.

T T ST

Figure4: Philosophersexecutionspace

2.2 Another Example

A simple,but significantcaseof deadlockdueto the particularinformationexchanged
amongprocessess exemplifiedby the fragmentof VHDL codeof Figureb5A. It is a
divider takenfrom [18]. Considerthe original modelanda slightly changedversion:
M <= AmodB becomesM <= A + B. Their dependenciegraphis shavn in
Figure5B.

It is possibleto detectthat, evenif the dependenciegraphhighlightsa circularity,
only the original modelentersa deadlockcondition. In thefirst case,AmodB, where
B is a given constantyeturnsthe result M thefirst time. Then M is assignedo A



DI V: process
begi n
R <= A/ B;
M <= A nod B;
wait on A B;

end process DV,
MAI' N:  process o‘o
begi n

wait on M

A <=M
end process MAIN;

Figure5: Divider: VHDL code

and,beingA = M lessthan B, theresultof AmodB doesnot changearymore. M
becomesonstantand processVAI N remainswaiting on M. The modified process,
onthecontrary addsB to A, theold valueof M, ateachexecution.Thus, M always
increasesandthe systermever deadlocks.

The dependenciegraphhasto be augmentedo provide a sufiicient conditionto
detectthis kind of deadlocksConsidethe modifieddependenciegraphsof Figure6.
Eachnode(signal)is associatedavith the function definingits value. Besidesspecify-
ing the dependencieamongsignals,we codealsothekind of dependeny thatis the

function“linking” thesignals.

oy G Fp OB

A B

Figure6: Modified dependenciegraphs

Giventhis representationye candefinethe systemsof equations/inequatiores-

sociatedwith theloop*:

INoticethat X' standgor theold valueof X.



( M = AmodB ( M=A+B
M# M M # M
M' = A'modB’ M =A+ B
A=M <A:M
A# A A# A

| A =M’ [ A'=M'

The solutionof thesesystemswould give the valuesof the exchangedsignalsfor
which the modeldoesnot entera deadlockcondition. The systemcanbe deeplysim-
plified by studyingthe oppositeproblem: the valuesof the involvedvariables/signals
for whichtheloop represents deadlockcondition. Thereis a deadlockf old andnewn
valuesare equal,thus a signal canbe representedising a single variable,insteadof
two:

M = AmodB M=A+B

Basically the equationsolvingthefirst systemis:
A = AmodB

The equationis verified for eachvalueof A, suchthat A < B. The secondsystem
(loop) is representeby thefollowing equation:

A=A+B

Theequationdoesnot have any solution,of courseif B # 0.

The obtainedresults“formally” statethatthefirst modelentersa deadlockcondi-
tion assoonasA < B, while thesecondmodelis never deadlocled.

The methodhasbeenexplainedusing simple examplesto let readersconcentrate
ontheproposedechniqueatherthanon managingmoreintricatedgraphsandbigger
equatiorsystemsthat,dueto spaceconsiderationareout of the scopeof this paper
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3 Ananalysisof VHDL Sequential Aspects

This sectionintroducesa setof staticanalysegarriedoutontheVHDL code focusing
on the sequentiahspectof thelanguage . The aim of theseanalysess to provide the
userwith informationconcerninghe “future” testabilityof the circuit resultingform
the synthesisof the consideredcode. Whendealingwith hardwaretestingissuesan
importantinformationrelatesto the presencef memoryelementsn the original cir-
cuit, which could be efficiently usedfor Scanpurposes.The VHDL languageallows
the explicit declarationof memoryelementsn the structuralstyle of description,al-
lowing animmediateidentificationof these'‘test resources”.Yet, whenconsideringa
behaioral descriptionmemoryelementsareoftenimplicitly declareddeferringto a
post-synthesiphasahe useof suchelementsOneof theproposedinalysegimsatan
earlydetectionof suchimplicit memoryelementsnferredfrom the synthesigprocess,
by examiningthe VHDL code.Thisapproactsuppliesnformationconcerninghetest
phaseafter synthesisand beforethe circuit hasbeenrealized. This allows possible
modificationsin the device specificatiorto improve the testability of the final device,
right from its definition.

Still concerningtestingissues,jn termsof patternapplication,the otheranalyses
dealwith thepresencevithin the specifieddevice of datapathssuchthatdata(testpat-
ternsand/ortestresults)canbetransferredvithoutbeingmanipulatedthusconstituting
alternatve accesseto moduleinputs/outputdor testingpurposes.The advantageof
dealingwith datawhich is merelytransferredatherthan manipulatedadded,incre-
mented.,..) is trivial andrelatesto the minor compleity of testpatterngeneratiorand
reducedproblemscausedy faultmasking.

In the samescenarioof testpattern/resulpropagationt is possibleto introduce
thelastkind of analysishereproposedlt takesinto accounthe explicit timing of the
VHDL specificatiorio determingheconstraintshatwill needto befulfilled to actually
applytestpatternsandaccesshegeneratedesultsvhendealingwith modulegpartof a
morecomple system.n fact,in sucha caseit is importantto evaluatethe distance(in
temporalterms)of the inputs/outputof eachmodulecomposinghe complex system
from the primaryinputsand primary outputswhich dependsn the functionality and
timingsexpressedy the VHDL codeof the surroundingnodules.

All theseanalyseprovide the userwith additionalinformationconcerninghecir-
cuit resultingfrom the synthesigrocesssothatpossibleimprovementsnay beintro-
ducedfrom the testabilitypoint of view, which altogetherelatesto the quality of the
specifieddevice.
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Theseanalyseareall basedon staticanalysigechniquesthat,evenif notaspow-
erful asdynamicanalysispffer valuableresultsandareeasietto apply.

All thetechniquegpresentedn the next sectionsarebasedon appropriateannota-
tionson the nodesof a graph. As alreadydonein Section2, VHDL codeis translated
into a graph-like representatiorgalledflow graph A flow graph[19], basicallya di-
graph(directedgraph),is composeaf nodesthatrepresenprogramstatements and
edgesthatdefineexecutionflow. Thefollowing informal rulesfor constructinga flow

graphcanbelisted:

e it mustcontainexactly oneentrynodewhich hasnoincomingarcs;
e asequentiaktatements representetly a nodewith a singleoutgoingedge;

e anif statements representedly a nodewith two outgoingedgesonefor each

executionthread;

e acasestatements representedby a nodewith asmary outgoingedgesasthe
alternatveslisted;

e theendof aloop is representedby a nodewith two edgesleaving it: onefor
exiting theloop, andthe otheronefor goingbackto thefirst nodeof theloop.

e it mustcontainexactly oneterminalnodewhich hasno arcsleaving it.

Noticethat,for readerdamiliar with the LEDA tool [20], therepresentatioproposed
hereis very similarto the graphsbuilt by thetool.
Theobtainedgraphis thendecoratedvith theinformationneededor theparticular

analysis.

3.1 Implicit Memory Elements

This sectionsketchesa way to find out implicit memoryelementsasedon pattern
searchingn regularexpressionsThe startingpointis the flow graphof a VHDL pro-
cess,asdefinedin Section3. For eachvariable,we definea regular expressionsum-
ming up the significantactionsdoneon the variableitself. Notice that, in this case,
loopsin flow graphsarenot a problem.Rememberingegularexpressiortheory they
aresimply translatedy meansf Kleenestars(*).

Accordingto [18], givena VHDL processa variablerequiresanimplicit memory

elementachtime:

2A “statement’can be both a single actualstatementind a whole processnvocation,consideredas a
macro-statement.
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e it isreadbeforebeingassigned.

e it is assignedbeforeawai t statement.

e it isassignedn aclockedprocess.

e it is notassignedn all conditionalbranches.

Thismeanghat,asto thisanalysiswe needo take into accountead write (assign-
ment),andwait operationsTheseactionscorrespondo ar, ana, andaw, respectiely,
within regularexpressionsThusar meanghatthevariablehasbeenassignedivalue
andthevaluehasbeensubsequentlyead.w(r|a) stateghat,afterthewai t statement
thevariableis eitherreador assigned.

It shouldbe clearnow, thatlooking for implicit memoryelementsorrespondso
looking for stringswithin regularexpressionsThefirst two conditionsabove areeasily
translatedoy stringsra andaw. The third casemeandooking for a, but it appliesto
clockedprocessesnly. Finally, thelastrule stateghat,looking atpossiblealternatves,
if oneis an assignmentthenall the alternatves must be assignments.Hence,the
alternatvescanbe actuallyreducedto a single possibility Whenthe conditiondoes
nothold, animplicit memoryelemenis needed.

Considerasanexample,the VHDL codeof Figure7 takenfrom [21]. It modelsa
counterby defininga processwith a clock signalanda reset,synchronizedy means
of asensitvity list.

Clearly, the internalvariablecount _i nt includedin a clocked processwill be
synthesizedthy meanf amemoryelementandthe sameholdstruefor outputsignals
zer o ander ror since,besidesheingpart of a clocked processtheir valueis not
updatedor all possibleconditionalbranches.Thesesameresultscanbe obtainedby
meanf the proposedanalysisof the regularexpressionglerivedfor theimplied sig-
nalshariables.Theregularexpressiorfor thevariablecount _i nt isa|r(a|r|ra)
= alra|rr|rra = a]ra|r, wherebotha andr referto Ac andRc in the flow
graphof Figure8 to distinguishbetweendifferentvariables.The resultingregular ex-
pressionstraightfully matcheghe first condition. Signali ni t _val ue, which does
notappeaitin the graphof Figure8, sinceit constitutesa “parallel” graphwith respect
to it, doesnot matchary of the four clauseshaving regular expressiora. Henceno
memoryelementwill beused.

Consideras an anotherexamplethe pieceof VHDL codedescribinga demulti-
plexer (Figure9). In this casethe detectionof inferred memoryelementss not so

trivial.
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ARCHI TECTURE behave OF count IS

BEG N
count _proc: PROCESS(clk, |d)
VARI ABLE count _int: t_val ue;

BEG N
IF (Id ="1") THEN
count _int := val;
zero <= FO; -- forces O -

ELSIF (clk =1 AND cl k’ EVENT) THEN
IF (dec = '1') THEN
IF (count_int = 1) THEN
count _int := 0;
zero <= F1;
ELSIF (count _int = 0) THEN
error <= F1;
ELSE
count _int := count_int - 1;
END | F;
END | F;
END | F;
END PROCESS count _proc;
init_value <= val;
END behave;

Figure7: Counter:VHDL code(modifiedfor synthesiwith respecto theoriginal)

Figure8: Counter:Flow Graph
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ENTI TY demux IS
PORT(data_in: IN bit;
sel: IN bit_vector(0 to 1);
data_out: QOUT bit_vector(0 to 3));
END denux;
ARCHI TECTURE rtl OF denux IS
BEG N
PROCESS(dat a_i n, sel)
VARI ABLE i ndex: | NTECGER,
BEG N
index := TOINTEGER(' 0" & sel, 0)
data_out (i ndex) <= data_in;
END PROCESS;
END rtl;

Figure9: Demultiplexer: VHDL code
e = T0_NTEGER(D 856L0>
| data_out(index) <= data_in |
oo r

GD Gt ou(e) <~ daay ot _owtt) < G

Figure10: Demultiplexer: Flow Graph

data_out(3) <= data_l data_out(0) <= data_in

Thestatementlat a_out (i ndex) <= dat a.i n; impliesthatoneonly of the
outputsof dat a_out is assignedat eachprocessexecution. Sucha situationcorre-
sponddgo thefourth conditionallowing theidentificationof implicit memoryelements.
This impliesthatfour latcheswill be introducedduring synthesispnefor eachbit of
thedat a_out vector This conclusionmay suggesthe userthe explicit defintionof
the memoryelementshy introducinga registerandlogic for selectingthe outputon
whichto puttheinputvalue.

Whendealingwith vectorsof datais thusnecessargitherto “explode” the state-
ments,asdepictedin the right flow graph,or to independentlycharacterizeeachele-
mentof thevectorwith respecto theregularexpressions.

Dueto the natureof the analysisjt mustbe appliedon singleprocessesnly. The
result of the analysisidentifiesthe presenceof memoryelements. The information
canbe usedeitherto explicitly declarethe registerby rewriting the componenspec-
ification in anotherstyle (e.g.,structuraldescriptionwith instantiationof the register
componenanddemultiplexer logic) or asanadditionalknowledgefor testgeneration
andmanagement.
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3.2 Datatransfer path/elements

Thereare componentssuchasregisters,multiplexers,demultiplecers,anddecoders,
whosefunctionality consistf datatransferringwvithout manipulatinghem.In partic-
ular, givenaninputsignal,its valueis deliveredontheoutputs following somecriteria.
If dealingwith registers,adelayis introducedandtheinputvalueis seton the outputs
in asuccessie clock cycle with respecto whentheinputis read.In casemultiplexers,
demultiplecers,etc. areconsideredeitheroneof severaldifferentinputsis selectedo
betransferredo the outputunmodified(multiplexer) or the input is transferredo one
of the outputswhile the othersare setto a pre-definedvalue (demultiplecer; the one
reportedn Figure9 storesheold valueinsteadof usinga pre-definedne).

For thesevariables/signalsvhosevalueis transferredrom the inputsto the out-
putswithout ary manipulationthe term “transferred”variablehasbeenadopted and
it canbe definedasa variablethatis only readwithin a processit doesnot appeaiin
arithmeticor logic computations.

If avariableis transferrey a processit canbeusedto propagatéts testpatterns
throughthe processitself. Being able to statically identify which variablescan be
propagatedhroughwhich processegrovidesmorecontrolon testpatternsaandthusis
usefulin testinghardwarecircuits.

Oncemore,let usconsidettheflow graph Eachnodeis associateavith asetV” of
variables.All thosevariablesfor which the givendefinition of “transferredvariables”
doesnot hold anymoredueto the statemenin the node.Moreover, we defineanother
setT'V (Transferred/ariables):it will containthe variablesstill transferredaftereach
step.

At the beginning, TV containsall the variablesof the process.After that, visit-
ing eachflow graph node,variablesin V' are subtractedrom TV. At theend,i.e.,
afterhaving visitedall thenodegustonce, TV containghevariableghatareactually
transferred.

In this case we canextendthe flow graphto copewith a setof relatedprocesses.
Recallthe countemprocesof Figure7, inputval is manipulatedvhenconsideringts
usein count _i nt , whereaghesameval is notmanipulatedhroughi ni t _val ue.

A nodecorrespondso awhole processlts setV is simply the differencebetween
all thevariablesandthesetT'V of theinvokedprocess.

Let us considerdifferentinteractingprocessestepresentedby their synthesized
modulein Figurell. It is significantto be ableto characterizedransferredsariables.
For example, by analyzingthe processdescribingthe Mul t i pl exer, variablesA
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Figurell: Processe@nodules)nterconnectiomnddatatransferanalysis.

and B aretransferredo D. The samehappensvhenanalyzingthe processdefining
the Regi st er : variableD is transferredo E. As a consequencejariablesA andB
aretransferredo E. On the otherhand,variablesA, B andC arenot transferredo F.
This analysishelpsthe userin managingestpatterngeneratiorwhenthe Generi c
Modul e testsetis consideredknowing thatit caneasilycontrolvalueson E by acting
directlyon A andB, whereagleterminingthe valueof F is amorecomple task.

3.3 Timing

When consideringthe possibility of applyingthe desiredinput patternsto a module
embeddedn a complex design,it is necessaryot only to verify whetherthereis a
direct pathto the inputsunderexam, but alsowhattiming constraintsareimposedby
the upstreanmodules.Consideyasanexample,the circuit depictedn Figure12. To
be ableto applyary desiredpatternto inputs andF from the primaryinputs(A and
B) it is necessaryo take into accountthat any value providedto P1 will be setto E
afteradelayof T1, whereasralueson P2will be availableoninput F afterdelayT2.
This informationmay easethe testgeneratiorphaseand may uncover possibleprob-
lems of correlationin controllability and obsenability and synchroly during circuit
testing[22]. In fact, it is staticallypossibleto decidewhetherall the combinationsof
the possiblevaluesare obsenableon processnputs. Differentdelayscould actually
forbid somecombinations.

An analysighatcanbe carriedout onthe flow graphof a VHDL processoncerns
thedelaysassociatewith variablesj.e.,whichis theactualeffectof AFTER statements
onvariablegpropagationParametriozaluescanbeassociatedith arithmeticandlogic
operationgo evaluatethe delaysthroughthe flow graph. Furthermorel|abelsmay be
alsousedfor clocked assignmentsvhich will requireatime equalto a clock cycle to
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Figure12: Timing analysis:moduleinterconnectiorandtiming constraints

provide the correctfinal valueof assignments.

Beforeproposingan informal algorithmto evaluatethe actualdelays,we have to
givethedefinitionof path A pathis adirectedpathfrom theentrynodeto theterminal
nodeof the flow graph The presencef loopswithin a flow graph leadsto have, at
leastfrom atheoreticaboint of view, aninfinite setof paths Fortunatelythe problem
canbe overcomeby exploiting boththe peculiaritiesof VHDL andthe specificneeds
of thecurrentanalysis.To have a specificatiorthatcouldbesynthesizedpopsmustbe
upperboundedThe aforementionedssumptiorwould definitively solve the problem.
Moreover, to have a synthesizablespecification,delayscannotbe put within loops.
Thismeanghat,asfarascurrentanalysiss concernedlioopscanbediscardedandthe
graphbecomes directedacgyclic graph(DAG).

Graphnodesin whichvariablesareassignedareannotatedavith apair< N, LD >.
N isthevariablenameand LD isthelocaldelay LD is 0 if thevariableis notdelayed.

For eachpath, delaysassociatewith eachvariablearesummeddefiningnew pairs
< N,PD >. N isstill thevariablenameand PD is thedelayonthepath At theend,
for eachvariable,the minimumandmaximumvaluesof PD defineits delaydomain.
If thetwo valuesare0, thevariableis actuallynotdelayed.

Theanalysisof all leaf processess the preconditiorto beableto reasoron a setof
relatedprocessedn this casetheflow graphcontainsnodeghatarewhole processes.
Thesenodesarenot associateavith a singlepair, but with a setof pairs: the resultsof
theanalysison singleprocessesThe setcomprisesatuple < N, LDmin, LDmax >
for eachsignificantvariable.Again, NV is thevariablename,L Dmin andL Dmax are
the minimumandmaximumdelay evaluatedfor the variable. After that, the analysis
goesonin almostthesameway. To enrichtheanalysisandtake into accounthelevels
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al u: PROCESS(a, b, select)

BEG N

CASE select IS
WHEN 0 => out <= ga; -- no del ay
WHEN 1 => out <= a + b; -- delay delta_sum
WHEN 2 => out <= a and b; -- delay delta_gate
WHEN 3 => out <= !a; -- delay delta_gate
WHEN 4 => out <= a or b; -- delay delta_gate
WHEN OTHERS => out <= a; -- no del ay

END CASE;

END PROCESS al u;

Figurel13: ALU: VHDL codeandFlow graph

of logic to be traversedby the data, parametricinformationis also associatedvith
arithmeticandlogic operations.Considerthe ALU specifiedin Figure13. Theinput
valueof a (considerecgsa multi-bit signal)is immediatelypropagatedo the outputif
sel ect is equalto O greaterthan4. Two otherdelaysareidentified: oneassociated
with theadder(multi-level logic) andthe otherfor the onelevel of logic for AND/OR
or complementingperations.

Figure 14 presentghe VHDL codeof a multiplexer, taken from [21]; the corre-
spondingflow graphis shavn in Figure 15. In this example,it canbe noticedat a
first glancethatoutputQ is always deferredof 10 nsecswhereasoutputMJUXSEL is
never delayed.The proposedanalysisprovidesthe sameinformation. If we consider
annotatedhodesonly, i.e., the onesin which variableQis assignedwe identify four
paths.In all caseghecorrespondingairis < @, 10 >. HenceQis alwaysdeferredof
10 nsecsDo notethatstatemenMUXSEL <= muxval is concurrentvith respecto
the CASE statement.

34 A Complete Example

As a final exampleconsiderthe VHDL code specificationof a part of the Vending
Machine[21] benchmarkppportunelymodifiedto make it synthesizableyresentedn
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mux_proc: PROCESS(10, 11, 12, 13, A B)

VARI ABLE nmuxval : INTEGER range O to 4 := O;
BEG N
nmuxval := 0;
IF (A="1") THEN
muxval := muxval + 1;
END | F;
IF (B ="1") THEN
muxval := muxval + 2;
END | F;

MUXSEL <= nuxval ;

CASE muxval 1S
WHEN 0 => Q <= |10 after 10 ns;
WHEN 1 => Q <= 11 after 10 ns;
WHEN 2 => Q <= |2 after 10 ns;
WHEN 3 => Q <= |3 after 10 ns;
WHEN OTHERS => Q <= 0 after 10 ns;

END CASE;

END PROCESS nux_pr oc;

Figurel4: Timing analysis:VHDL code

Figure15: Timing analysis:flow graph.
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Figurel6.

It is possibleto applyall thethreekinds of proposedanalysego the pieceof code
in Figure16. Theprocesxhange _pr oc is clocked,soall the variablesandsignals
thatappeamstargetfor assignmenstatementsvill besurelyimplementedy meansof
memoryelements.Thedi spl ay signal,instead,is characterizedby regularexpres-
siona andis notincludedin the clockedprocesssono memoryelementwill beused.
Furthermoresignalst ot al , coi n._rej ect anderror have regular expressions
suchthatnot for all conditionalbranchesn assignmenis made.The analysisallows
theuserto highlightthis aspecbf thewritten specificatiorfor eventualmodificationif
desired.

By analyzingthe presenceof “data transfer” variables,all variablesseton the
outputsare manipulatedwithin the processexceptpr i ce, thatis directly seton the
di spl ay output.

Finally, asfarasthetiming characterizatiofs concernedit is possibleto statethat
t ot al istheonly delayedvariabledueto arithmeticmanipulatioraffectingi nt _t ot al .
Variablescoi n_rej ect anderr or arenotdelayedbut characterizedby a clocked
temporizationaswell ast ot al , whereadi spl ay is neitherdelayednor clocked.
Hencethedownstreammodulestakingasinputsthesignalsgeneratethy thechange _pr oc
will have to considersucha timing constraintaffectingthe possiblecombinationof

values.

4 Conclusionsand Future Work

Theshortreview presentedofar doesnotaimatlisting all the possibleapplicationsof
softwarevalidationmethodologieso theanalysisof VHDL behaioral descriptionsit
is only afirst overview thatbothhelpedusin thinking aboutinterrelationdbetweerthe
two domainsandcould provide afirst basisfor furtherproposals.

The work did not pay too much attentionto dynamicanalysismethods[23] for
two main reasons.Therealreadyexist tools specificto VHDL that supply facilities
for coverageanalysiq24, 9, 25]. Moreover, testingof VHDL codeusuallycopeswith
fault models[26]. Thesemodelsare not easyto dealwith for not expertusers,and
heavily impacton obtainedresults.

Thetechniquesn this papergave encouragingesultsasto the casestudiesusedto
validatethem.

As asideeffect, thework revealedalsothe two differentfinalities of testinga soft-
wareprogramanda VHDL behaioral specificationln theformercasetestingis used
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ARCHI TECTURE behave OF coin_handler IS
BEG N
change_proc: PROCESS(cl k, reset)
VARI ABLE | ocal _change : | NTEGER : = 0;
VARI ABLE int_total : |INTEGER := O;
BEG N
IF (reset ='1") THEN
int_total := 0;
total <= 0;
ELSIF (clk = "1 AND cl k’ event) THEN
IF (sell_en ="1") THEN
IF (coin_stb ='1") THEN
IF (int_total >= max_price) THEN
coin_reject <= F1;

ELSE
coin_reject <= FO;
int_total :=int_total + coin_in; -- delta_add --
total <= int_total;

END | F;

ELSIF (change_stb = '1') THEN

| ocal _change : = change_in;

IF (int_total >= |ocal _change) THEN
int_total :=int_total - |ocal_change; -- delta_sub --

total <= int_total;
IF (int_total >= max_price) THEN
coin_reject <= F1;

ELSE
coin_reject <= FO;
END | F;
ELSE
error <= F1;
END | F;

ELSIF (itemout_stb = '1") THEN
IF (int_total >= price) THEN
int_total :=int_total - price; -- delta_sub --
total <= int_total;
IF (int_total >= max_price) THEN
coin_reject <= FI,;

ELSE
coin_reject <= FO;

END I F;

ELSE
error <= F1;

END | F;

END | F;
END | F;
END | F;

END PROCESS change_proc;
di splay <= price;

END behave;

Figure16: Coin.Handler:VHDL codeandFlow graph
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to validateproducedcode,i.e., to try to correctpossibleerrorsin the implementation.
In thelattercasetestingis notemployedto uncoverproblemslacksorinconsistencies,
but to generatdestpatternawvhich will be usedduringcircuit validation[27, 28]. Ba-
sically testingmeangroducingresultsfor furtheractvities, insteadof validatingwhat
alreadydone.

Finally, we wantto suggesbtherpossiblecontributionsof softwaretechniqueto
theanalysisof VHDL code:

¢ Patternmatchingtechniquesould be usedon VHDL codeto identify known
hardware topologiesand to provide guidelinesfor designerqd29]. Consider
ing againflow graphsas suitablerepresentationsf VHDL, the reachtheory
of graph-grammarg30] couldhelpusin carryingoutthistask.

¢ Oneof thebrancheof softwaretestingis mutationanalysig31]. A programis
verifiedby meansof all its mutations.A mutationis obtainedfrom the original
programby injecting a syntaxmutationthat leadsto a changein programse-
mantics.It soundsvery similarto faultsmodelsintroducedn VHDL analysisiit
couldbetried to definethe mutationsof a VHDL specificatiorandto studythe
relationswith faultmodels.

e Softwaretestingusescoveragecriteria[32] to determinehow muchcodeis ac-
tually executedgiven a testcase. VHDL testinggeneratedest patternsfrom
behaioral specification.Puttingtogetherthe two things, testpatternscould be
usedastestcasedor coveragecriteria. It could be studiedif thereexist some
relationsbetweertheresultsgainedfrom coveragecriteriaandthecompleteness
of circuit validation.
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